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The  objective  was  to  ascertain  the  magnitude  of  forces  responsible  for 
coherency  of  rock  by  quantifying  the  strength  of  the  attractive  forces  opera¬ 
ting  between  minerals  in  rock.  These  forces  oppose  stresses  set  up  in  various 
rock  fragmentation  processes,  hence  strength  measurements  of  these  forces 
might  prove  useful  in  designing  more  efficient  rock  fragmentation  methods. 

Methods  were  developed  for  estimating  strength  of  intergranular  adhesion 
in  rock.  They  involve  selective  extraction  of  4.5  mm  diameter,  two-phase 
sample  disks  from  rock  and  determination  of  the  strength  of  the  solid-solid 
interface.  One  method  utilizes  direct  pull  tests  of  the  tensile  strength  of 
the  interfaces,  the  other  utilizes  Brazilian  tests  of  thj  extracted  solid- 
solid  interfaces.  These  techniques  have  been  successfully  used  in  studying 
quartz-feldspar  interfaces  from  graphic  and  Rockville  granites  and  pebble- 
matrix  interfaces  from  Calumet  conglomerate.  Examination  of  bicrystals 
broken  at  the  crystalline  interfaces  reveals  that  bonds  responsible  for  this 
adhesion  operate  only  over  a  portion  of  the  interfacial  area. 

This  work  demonstrated  that  strength  tests  can  be  conducted  on  small 
selected  areas,  i.e.,  grain  boundaries  in  rock.  This  permits  a  determination 
of  sn.all  scale  zones  of  strength  or  weakness  which  may  be  related  to  the 
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FINAL  TECHNICAL  REPORT 
ADHESION  IN  ROCKS 
by 

George  A.  Savanick1 ,  Principal  Investigator 
Donald  I.  Johnson 


TECHNICAL  REPORT  SUMMARY 

The  purpose  of  this  research  is  to  ascertain  the  magnitude  of  the 
forces  responsible  for  the  coherency  of  rock  by  measuring  the  strength 
of  the  attractive  forces  operating  to  bind  minerals  together.  These 
forces  act  in  opposition  to  the  stresses  set  up  in  various  rock  fragmen¬ 
tation  processes,  hence  measurements  of  the  strength  of  these  attractive 
forces  might  prove  useful  in  the  design  of  more  efficient  methods  of  rock 

fragmentation. 

The  main  outcome  of  this  research  has  been  the  development  of  methods 
for  estimating  the  strength  of  intergranular  adhesion  in  rocks.  These 
methods,  which  are  outlined  in  detail  in  the  "Experimental  Procedure"  section 
of  the  report,  involve  the  selective  extraction  of  a  small  (4.5  mm  diameter, 
1.7  mm  thick)  two-phase  sample  from  the  rock  and  a  determination  of  the 
strength  of  the  solid-solid  interface.  One  of  these  methods  utilizes  di¬ 
rect  pull  tests  of  the  tensile  strength  of  the  interfaces  while  the  other 
utilizes  indirect  tensile  (Brazilian)  tests  of  the  extracted  solid-solid 
interfaces . 

These  techniques  have  been  successfully  applied  to  the  study  or  quartz- 
feldspar  interfaces  separated  f-om  graphic  granites  and  from  the  Rockville 
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granite  and  to  the  study  of  pebble-matrix  interfaces  extracted  from  the 
Calumet  conglomerate.  The  results  of  these  tests  are  tabulated  in  the 
"Experimental  Data"  section  of  the  report.  These  data  indicate  that: 

1)  Interminerallic  interfaces  can  resist  tensile  stresses  in  excess 
of  1,000  psi,  thus  the  minerals  must  be  bonded  to  each  other. 

2)  The  adhesive  strength  of  the  grain  boundaries  is  generally  lower 
than  the  cohesive  strength  of  the  adjacent  minerals. 

3)  The  bond  between  the  pebbles  and  the  matrix  in  the  Calumet  con¬ 
glomerate  is  stronger  than  the  bond  between  quartz  and  feldspar 
in  either  Lhe  Rockville  granite  of  the  graphic  granite. 

4)  Wide  variability  occurs  in  the  magnitude  of  the  individual  strength 
determinations.  This  is  probably  a  reflection  of  the  nonuniform 
distribution  of  flaws  in  the  rock. 

5)  The  uniaxial  pull  test  gives  interfacial  adhesive  strength  values 
approximately  20  percent  lower  than  those  given  by  the  Brazilian 
test.  Thus  there  appears  to  be  a  bias  in  the  Brazilian  test  which 
favors  higher  values  of  tensile  strength. 

Examination  of  bicrystals  broken  at  their  grain  boundary  reveals  that 
the  bonds  responsible  for  this  adhesion  operate  over  only  a  portion  of 
the  interfacial  area. 

The  significance  of  this  work  is  that  it  demonstrates  that  strength  tests 
can  be  conducted  on  small  selected  areas,  e.g,  grain  boundaries  in  rock. 

This  permits  a  determination  of  small  scale  zones  of  strength  or  weakness 
which  may  be  related  to  the  overall  strength  of  the  rock. 


► 

Suggestions  for  future  research  on  adhesion  at  grain  boundaries  in  rocks 
are  given  in  the  final  section  of  the  report.  These  suggestions  include 
the  extension  of  adhesive  strength  testing  to  finer  grained  rocks,  the 
development  of  methods  of  testing  the  shear  strength  of  grain  boundaries, 
and  the  application  of  selected  area  strength  tests  to  drilling  research. 

INTRODUCTION 

Rock  fragmentation  occurs  when  the  applied  energy  overcomes  the 
attractive  forces  holding  the  rock  together.  Characterization  of  these 
forces  would  seem  to  be  a  prerequisite  for  the  optimization  of  the  frag¬ 
mentation  process. 

The  chemical  bonds  responsible  for  the  mutual  attraction  of  atoms 
which  gives  rise  to  the  cohesion  of  crystals  have  long  been  an  object  of 
study  (U3.  Chemical  bond  strengths  have  been  measured  and  are  tabulated 
(1,  2).  On  the  other  hand,  very  little  effort  has  been  expended  in  under¬ 
standing  adhesion  at  phase  boundaries  in  rock,  i.e.,  the  mechanism  by 
which  the  constituent  minerals  are  joined  together  at  crystalline  inter¬ 
faces  to  form  a  coherent  polycrystalline  aggregate.  Thus,  prior  to  this 
research,  no  measurements  had  been  made  of  the  adhesive  strength  at 
crystalline  interfaces  in  rock. 

The  objective  of  this  research  is  to  fill  this  void  by  developing  a 
method  of  selected  area  tensile  strength  testing  by  which  the  tensile 
strength  of  crystalline  interfaces  can  be  measured  and  to  present  a  tabu¬ 
lation  and  an  interpretation  of  these  data. 

Underlined  numbers  in  parentheses  refer  to  items  in  the  list  of  refer¬ 
ences  at  the  end  of  this  report. 
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A  publication  resulting  from  this  research  project  (3)  contained 
the  first  reported  measurements  of  the  strength  of  crystalline  interfaces 
in  rock.  The  paucity  of  previous  work  is  a  reflection  of  the  difficulties 
inherent  in  such  measurements.  The.  crystalline  interface  must  be  separated 
from  the  rock  prior  to  any  tensile  strength  testing.  This  can  be  very 
tedious,  and  in  itself,  might  discourage  investigators. 

It  must  also  be  realized  that  pure  adhesive  failure  is  an  idealization 
which  can  be  approximated  but  cannot  be  attained.  The  requirement  that  the 
rupture  must  occur  precisely  at  the  atomic  boundary  between  two  phases 
renders  pure  adhesive  failure  very  improbable.  This  is  a  problem  that 
confronts  any  destructive  testing  of  adhesive  joints  in  the  adhesives 
industry  (A).  Bits  of  one  mineral  will  adhere  to  the  other  member  of  the 
broken  bicrystal.  This  prohibits  a  direct  measurement  of  the  number  of 
bonds  which  bind  one  mineral  to  the  other,  but  it  permits  a  determination 
of  the  areal  extent  of  the  bonding  between  the  grains. 

The  limitations  inherent  in  this  type  of  experimentation  tend  to 
narrow  the  scope  of  the  research.  The  tests  were  limited  to  planar  inter¬ 
faces  in  an  attempt  to  eliminate  the  strengthening  contribution  from  micro¬ 
scopic  interlocking  of  phases.  In  addition,  the  difficulties  of  extraction 
and  the  errors  in  the  tensile  strength  measurement  increase  as  the  size  of 
the  bicrystal  decreases.  In  view  of  these  difficulties,  it  was  decided  to 
limit  consideration  to  relatively  large  (A. 5  mm  diameter)  selected  regions 
containing  quartz-feldspar  bicrystals  extracted  from  pegmatites,  and  graphic 
granites,  pebble-matrix  interfaces  extracted  from  a  conglomerate. 
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This  report  contains  a  description  of  a  method  for  extracting  bicrystals 


from  selected  areas  in  rocks  and  two  methods  for  determining  the  tensile 
strength  at  the  crystalline  interfaces.  Adhesive  strength  data  for  crystal¬ 
line  interfaces  extracted  from  graphic  granites  and  the  Rockville  granite 
are  tabulated  and  compared  with  the  tensile  strength  of  quartz  and  feldspar 
taken  from  t’.ie  same  rock.  In  addition,  strength  data  for  pebble-matrix 
interfaces  extracted  from  a  conglomerate  are  tabulated  and  compared  with 
the  strength  of  the  adjacent  pebbles  and  matrix.  These  measurements  permit 
an  assessment  of  the  strength  of  adhesion  at  crystalline  interfaces  and  a 
comparison  with  the  cohesive  strength  of  the  constituent  phases. 

EXPERIMENTAL  PROCEDURE 

In  adhesion  technology,  adhesion  is  defined  (4)  as  the  force  per  unit 
area  required  to  separate  two  solids  in  contact.  The  magnitude  of  this 
stress  can  only  be  estimated  from  the  results  of  destructive  testing  (5). 

The  most  easily  interpreted  measure  of  adhesion  is  the  normal  tensile 
force  required  for  separation,  hence  it  was  decided  to  develop  a  method 
of  selected  area  tensile  strength  testing  to  measure  the  adhesion  at 
crystalline  interfaces  in  rocks. 

A  successful  method  for  selected  area  strength  testing  must  provide 
for  the  extraction  of  planar  intercrystalline  boundaries  from  the  rock 
and  permit  the  separation  of  the  joined  crystals  at  the  crystalline  inter¬ 
face.  A  technique  for  selectively  extracting  boundaries  has  been  developed 
and  is  outlined  in  stepwise  fashion  below. 
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(1)  Rock  samples  are  cut  into  1/4  inch  thick,  slabs. 

(2)  These  slabs  (fig.  1)  are  fastened  to  the  surface  of  a  block  of 
soft  wood  with  a  fast  drying  epoxy  cement.  The  wood  surface  is 
first  sprayed  with  an  aluminum-flake  enamel  in  order  cO  facili¬ 
tate  removal  of  the  rock-epoxy  ensemble  to  perm-*..  reuse  of  the 
wooden  block. 

(3)  An  area  containing  the  trace  of  a  planar  crystalline  interface 
is  selected  and  removed  by  drilling  witii  a  Felker  diamond  core 
bit  mounted  in  a  Wilton  drill  press  (fig.  2).  It  was  found  that 
1/4  inch  O.D.  (6.4  urn)  core  drills  worked  well  for  extracting 
quartz-feldspar  bicrystals  from  graphic  granite  and  from  the 
Rockville  granite  and  pebble-matrix  interfaces  from  the  Calumet 
conglomerate.  However,  it  is  possible  to  selectively  extract 

cores  as  small  as  2.8  mm  in  diameter. 

(4)  Those  portions  of  the  crystalline  interface  which  are  nonplaner 
or  off  center  are  removed  by  grinding  perpendicular  to  the 
cylinder  axis  with  a  thin  section  grinder  (fig.  3). 

Samples  of  these  extracted  interfaces  were  subjected  to  indirect 
tensile  strength  testing  and  direct  pull  strength  testing.  The  procedure 
followed  in  the  indirect  tensile  (Brazilian)  testing  of  these  interfaces 
is  as  follows: 
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Figure  2.  -  Rock  sample  in  place  under  a 
diamond  tipped  core  drill 


(1)  The  diameter  of  the  cylinder  and  the  length  of  the  cylinder 
axis  is  measured  with  calipers  or  a  micrometer. 

(2)  The  sample  is  placed  in  an  Instron  testing  machine  (fig.  4) 
and  loaded  in  diametrical  compression.  The  sample  is  oriented 
so  that  the  stress  is  concentrated  and  the  sample  breaks  at 
the  crystalline  interface. 

(3)  The  tensile  strength  (St)  of  the  int jrcryst? lline  boundary  is 
calculated  using  the  formula: 

2L 

St  °  ndl 

where  L  is  the  load  applied  to  the  sample,  d  is  the  diameter 
of  the  sample,  and  1  is  the  length  of  the  cylinder  axis. 

The  advantage  of  this  technique  is  that  it  is  designed  to  test  the 
strength  of  solid  disks,  the  sample  configuration  resulting  from  the 
extraction  procedure  and  because  it  provides  a  convenient  method  for 
selectively  concentrating  stress  along  any  disk  diameter.  Sample  prep¬ 
aration  is  very  simple  and  Brazilian  tests  can  be  performed  more  rapidly 
than  pull  tests  because  no  adhesive  is  used  to  hold  the  sample  to  a 
loading  jig  and  thus  no  curing  time  is  required. 

Although  some  researchers  ( 7 )  are  of  the  opinion  that  the  diametral 
compression  of  a  solid  disk  gives  a  good  measure  of  the  tensile  strength 
of  rocks,  the  Brazilian  test  has  become  suspect  to  other  members  of  the 
rock  mechanics  community  (8)  as  a  method  for  determining  tensile  strength. 
This  provided  the  impetus  for  the  development  (9)  of  uriaxial  method  for 
testing  the  tensile  strength  of  interfaces  between  minerals  in  rocks  by 
pulling  normal  to  these  interfaces. 
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The  procedure  followed  in  the  uniaxial  tensile  strength  testing  of 
interfaces  extracted  from  rocks  is  as  follows: 

(1)  The  sample  is  fastened  to  cne  half  of  a  loading  jig  with  a  fast 
drying  (five  minute)  epoxy  cement.  The  loading  jig  is  composed 
of  two  identical  pieces  made  by  cutting  a  brass  rectangular 
parallelepiped  in  a  direction  parallel  to  its  base  thereby  bi¬ 
secting  a  cylindrical  hole  with  a  diameter  the  same  as  that 

of  the  sample  (fig.  5). 

(2)  The  sample-epoxy  loading  jig  ensemble  is  clamped  into  the  upper 
jaw  set  of  an  Instron  TM-M  testing  instrument.  Care  must  be 
taken  to  align  the  centerline  of  the  loading  jig  with  the  center- 
line  of  the  jaw  set  so  that  bending  moments  will  not  occur. 

(3)  The  other  half  of  the  loading  jig  with  unhardened  epoxy  cement  in 
the  semicircular  hole  is  clamped  into  the  bottom  jaw  set  of  the 
testing  machine  and  the  cemmt  is  placed  in  contact  with  the 
sample  in  the  portion  of  the  jig  clamped  into  the  upper  jaw  set. 
The  cement  is  permitted  to  harden  and  thereby  bond  the  small  cy¬ 
lindrical  sample  to  both  sides  of  the  loading  jig  (fig.  6). 

(4)  The  sample  is  pulled  apart  and  the  load  at  failure  is  noted. 

This  technique  yields  data  which  are  much  easier  to  interpret  and  is 

capable  of  testing  smaller  samples  than  the  Brazilian  test,  however  it 
requires  more  time  per  test. 


The  tensile  tests  result  in  bicrystal  samples  (fig.  7)  that  have 
separated  at  the  crystalline  interface  and  yield  quantitative  measures  of 
the  intergranular  adhesive  strength.  Chemical  bonding  between  the  quartz 
and  feldspar  occurred  over  a  small  proportion  of  the  total  interfacial 
area. 

EXPERIMENTAL  DATA 

The  data  generated  by  the  techniques  described  above  are  tabulated 
in  this  section.  These  tables  give  the  magnitude  of  the  adhesive  strength 
at  interfaces  between  phases  in  rocks  and  permit  the  comparison  of  this 
strength  with  that  of  the  phases  adjacent  to  the  interface. 

Tables  1,  2,  and  3  contain  the  results  of  indirect  tensile  (Brazilian) 
tests  of  selected  areas  in  a  graphic  granite,  the  Rockville  granite,  and 
the  Calumet  conglomerate. 

The  results  of  the  "t"  (U)  tests  of  significance  for  differences  of 
means  of  various  subsets  of  these  data  are  contained  in  table  4. 

These  tables  illustrate  that: 

1.  The  interminerallic  interfaces  have  a  significant  tensile  strength. 
This  indicates  that  the  minerals  must  have  adhered  to  each  other. 

2.  The  adhesive  strength  at  the  interminerallic  interface  is  signifi¬ 
cantly  lower  than  the  cohesive  strength  of  the  adjacent  minerals. 

3.  Wide  variability  occurs  in  the  magnitude  of  the  individual  deter¬ 
minations  of  strength. 

The  most  serious  problem  encountered  during  the  past  year  was  the 
realization  that  the  Brazilian  test  had  become  suspect  as  a  true  measure  of 
the  tensile  strength.  Many  researchers  Q2)  believe  that  the  techniques  can 
only  be  used  as  a  relative  measure  of  tensile  strength  and  then  only  if 
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Calumet 


samples  of  identical  dimensions  are  used  for  comparison.  Some  variation 
in  sample  thickness  has  occurred  in  the  earlier  reported  <[3)  data,  so 
these  tests  were  redone  using  samples  having  precisely  the  same  dimensions. 
These  results  are  given  in  tables  1,  2,  and  3  and  are  summarized  in  table  5 
where  they  can  be  compared  with  the  earlier  data.  Note  that  the  new  data 
(those  taken  from  samples  with  standardized  dimensions  of  4.5  mm  diameter 
and  1.7  mm  thickness)  compare  favorably  with  those  reported  previously  (5  mm 
disk  diameter) . 

A  uniaxial  pull  test  was  developed  to  give  an  unequivocal  method  for 
testing  the  absolute  tensile  strength  of  crystalline  interfaces.  This 
technique  was  applied  to  selected  areas  in  graphic  granite,  the  Rockville 
granite,  and  the  Calumet  conglomerate.  The  results  of  these  tests  are 
cabulated  in  tables  6,  7,  and  8  and  are  compared  with  the  Brazilian  tests 
on  the  same  rocks  in  table  9. 

Jr 

These  test  results  corroborate  the  results  of  the  Brazilian  tests, 

i.e.  they  show  that: 

1.  Interminerallic  interfaces  can  resist  tensile  stresses  over  1,000 
psi,  thus  the  minerals  must  be  bonded  to  each  other. 

2.  The  adhesive  strength  at  the  g^ain  boundaries  is  generally  lower 
than  the  cohesive  strength  of  the  adjacent  minerals. 

3.  The  bond  between  the  pebbles  and  the  matrix  in  the  Calumet  con¬ 
glomerate  is  stronger  than  the  bonds  between  quartz  and  feldspar  in  either 
the  Rockville  granite  or  the  graphic  granite. 

4.  Wide  variability  occurs  in  the  magnitude  of  the  individual  strength 
determinations.  This  is  probably  a  reflection  of  the  non-uniform  distribution 


of  flaws  in  the  rock. 


Tensile  strength  of  selected  areas  in  graphic  granite 
Rockville  granite,  and  the  Calumet  conglomerate: 
comparison  of  earlier  results  with  those  from 
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|  Although  the  results  of  the  uniaxial  pull  tests  agree  qualitatively 

with  those  of  the  Brazilian  tests,  a  statistical  comparison  of  both  sets 
of  data  (table  10)  reveals  that  the  strength  values  given  by  the  direct 
pull  tests  are  often  significantly  lower  than  the  corresponding  Brazilian 
test  data.  The  uniaxial  pull  test  gives  Interfacial  adhesive  strength 

values  approximately  20  percent  lower  than  those  given  by  the  Brazilian 
test. 

Thus,  there  appears  to  be  a  bias  in  the  Brazilian  test  which  favors 
higher  values  of  tensile  strength.  Although  this  casts  doubt  upon  the 
accuracy  of  Brazilian  tests  as  a  method  for  determining  absolute  values  of 
tensile  strength,  the  results  given  above  seem  to  lend  credence  to  the  use 
of  the  Brazilian  test  for  determining  approximate  tensile  strength  and  for 

determining  the  relative  tensile  strengths  of  small  selected  regions  in 
rock. 

A  comparison  of  the  strength  of  quartz-feldspar  interfaces  with  the 
bulk  tensile  strength  of  a  series  of  granites  can  be  made  with  reference 
to  table  11.  This  table  shows  the  mean  tensile  strength  of  quartz- 
feldspar  interfaces  separated  from  graphic  granite  and  the  Rockville 
granite  are  comparable  with  the  bulk  tensile  strength  of  a  series  of  granites 

ANALYSIS  OF  DATA  AND  CONCLUSIONS 

The  data  just  presented  shows  that  small  selected  areas  containing 
grain  boundaries  can  be  selectively  extracted  from  rocks  and  broken  in  the 
immediate  vicinity  of  the  grain  boundaries  to  obtain  a  measure  of  the 
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intercrysualline  bonding.  To  the  knowledge  of  the  authors,  the  measure¬ 
ments  made  in  this  project  are  the  first  direct  measurements  made  of  the 
tensile  strength  of  grain  boundaries  in  rock.  1  The  strength  of  these  interfaces 
is  an  important  rock  property  because  it  can  influence  the  strength  and 
mode  of  failure  of  rock. 

This  research  has  a  possible  practical  application  in  comminution 
research.  A  newly  announced  comminution  technique,  the  Snyder  process 
(13,14)  reduces  the  grain  size  of  ores  by  causing  them  to  fracture  in 
tension  at  the  grain  boundaries.  Thus  the  techniques  outlined  above  could 
be  used  to  measure  tensile  strength  of  interfaces  in  some  ores  and  this 
data  might  be  useful  in  assessing  the  efficiency  of  the  Snyder  process  in 
breaking  the  material  at  these  interfaces. 

This  research  has  given  some  insight  into  the  mechanism  of  inter¬ 
crystalline  bonding.  The  very  fact  that  the  crystals  do  not  separate  upon 
extraction  from  the  rock  indicates  that  the  crystals  are  bound  together  at 
their  crystalline  interface.  The  data  given  above  indicate  that  this 
bonding  is  fairly  strong  because  quartz-feldspar  interfaces  can  withstand 
stresses  in  excess  of  1,000  psi. 

The  mineral  pairs  appear  to  retain  the  adherenuy  in  thin  section  (i.e. 
in  samples  that  are  less  than  2  ram  thick).  Thus  the  mechanism  responsible 
for  intergranular  adhesion  evidently  operates  on  a  microscopic  scale. 

A  detailed  atomistic  explanation  of  the  mechanism  responsible  for  this 
phenomenon  is  beyond  the  limits  of  our  present  knowledge,  but  it  seems 
likely  that  the  adherency  is  primarily  a  result  of  chemical  bonding  between 


the  mineral  surfaces.  Attempts  have  been  made  to  minimize  the  effect  of 
strengthening  the  interfaces  through  interf ingering  of  phases  by  selecting 
straight  planar  interfaces.  It  is  doubtful,  however,  that  this  effect  can 
be  completely  eliminated  on  a  microscopic  scale. 

The  strength  of  any  chemically  bonded  area  which  may  occur  far  exceeds 
the  real  strength  of  the  adjacent  minerals  because  flaws  occur  in  these 
minerals .  Thus  true  atomic  interfacial  separation  probably  never  occurs  to 
any  significant  extent  when  mechanical  forces  are  used  to  separate  a  pair 

of  minerals  that  adhere  because  they  have  achieved  atomic  contact  over  an 
interfacial  area. 

Chemical  bonds  operate  over  very  small  distances.  Hence,  two  surfaces 
must  be  brought  very  close  together  for  these  forces  to  become  operative. 

If  the  mineral  grains  both  have  atomically  smooth  planar  surfaces  which 
were  chemically  bonded  together,  all  attempts  to  separate  them  mechanically 

would  result  in  the  fracture  in  one  of  the  minerals  which  had  a  flaw  in 
the  vicinity. 

Grain  boundaries  in  rock  differ  from  this  idealization  because  they 
are  rough  and  contaminated  and  are  preferred  sites  for  cracklike  cavities 
(15).  These  imperfections  contribute  to  a  greatly  decreased  real  area  of 
contact.  Thus  when  a  quartz-feldspar  interface  which  has  locally  achieved 
real  contact  is  separated  mechanically,  a  little  of  the  quartz  remains  on 
the  feldspar  and  vice  versa. 

The  determination  of  the  fracture  surface  area  covered  by  remnants  may 
be  a  rough  measure  of  the  spatial  extent  of  bonding  across  an  interface. 
Figure  8  shows  a  bi^rystal  which  was  bonded  over  a  large  portion  of  the 
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Small  Proportion  of  Unbonde 


crystalline  interface,  whereas  figure  6  showed  large  smooth  areas  which 
evidently  were  not  bonded. 

The  most  significant  outcome  of  this  research  is  the  demonstration 
that  small  scale  selected  area  tensile  strength  testing  is  feasible  in 
rocks.  This  technique  can  be  applied  not  only  to  intergranular  adhesive 
strength  testing  but  also  to  the  determination  of  the  strength  at  any 
selected  region  within  the  rock  and  hence  is  potentially  useful  in  rock 
fragmentation  research. 

SUGGESTIONS  FOR  FURTHER  RESEARCH 

The  phenomenon  of  bonding  between  minerals  in  rock  has  not  received 
the  attention  from  the  rock  mechanics  community  commensurate  with  its 
importance  in  the  rock  fragmentation  process.  The  research  reported  in 

this  report  is  but  a  small  start  and  much  more  work  needs  to  be  done  in 
this  field. 

The  technique  of  selected  area  strength  testing  should  be  adapted  to 
finer  grained  rock  because  most  rock  is  finer  grained  than  those  used  in 
this  study.  The  direct  pull  test  would  be  much  better  adapted  for  smaller 
samples  than  the  Brazilian  test.  This  coupled  with  the  theoretical  dif¬ 
ficulties  associated  with  the  Brazilian  test,  dictate  that  future  effort 
should  be  made  in  refining  the  direct  pull  test  rather  than  improving  the 
technique  described  above  for  indirect  tensile  testing  of  extracted  cores. 

This  research  program  has  been  limited  to  testing  the  tensile  strength 
of  the  grain  boundaries,  but  a  need  also  exists  for  data  on  the  shear 
strength  of  selected  areas  in  rock.  Thus  attempts  should  be  made  to  develop 
a  method  of  small  selected  area  shear  strength  testing.  A  start  has  been 
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made  in  this  project  on  this  problem  with  the  fabrication  of  a  testing 
Jig  (fig.  9)  consisting  of  a  rectangular  parallelepiped  cut  at  45  degrees 
to  the  horizontal  and  bisecting  a  cylindrical  hole  the  size  of  the  sample. 
The  shear  strength  of  the  grain  boundary  can  be  determined  by  aligning 
the  diameter  of  the  sample  disk  containing  the  trace  of  the  grain  bound¬ 
ary  parallel  to  the  45  degree  cut  and  compressing  the  holder  in  a  testing 
machine.  Some  preliminary  tests  have  been  conducted  with  this  apparatus 
which  indicate  that  samples  can  be  broken  in  shear  in  this  manner. 

It  seems  reasonable  to  assume  that  the  strength  of  a  volume  of  the 
rock  under  a  drill  bit  should  influence  the  penetration  of  a  drill  into 
that  volume.  This  hypothesis  can  be  tested  by  performing  selected  area 
strength  testing  on  grain  boundaries  and  on  the  adjacent  mineral  grains 
in  a  rock.  The  rock  could  then  be  drilled  by  a  small  laboratory  drill 
instrumented  to  output  penetration  rates  (fig.  10).  The  rate  of  pene¬ 
tration  into  areas  of  interest  such  as  grain  boundaries,  and  single 
crystals  could  be  compared  with  the  strength  data.  The  comparison  would 
Indicate  the  degree  of  correlation  between  the  strength  of  the  small 
areas  under  the  drill  bit  and  their  dr  inability. 
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FIGURE  9 


Testing  jig  for  shear  test 
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